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ABSTRACT 

We study light curves and spectra (equivalent widths of the iron line and 
some other spectral characteristics) which arise by reprocessing on the sur- 
face of an accretion disc, following its illumination by a primary off-axis 
source — an X-ray 'flare', assumed to be a point-like source just above the 
accretion disc. We consider all general relativity effects (energy shifts, light 
bending, time delays, delay amplification due to the spot motion) near a 
rotating black hole. For some sets of parameters the reflected flux exceeds 
the flux from the primary component. We show that the orbit-induced 
variations of the equivalent width with respect to its mean value can be as 
high as 30% for an observer's inclination of 30°, and much more at higher 
inclinations. We calculate the ratio of the reflected flux to the primary flux 
and the hardness ratio which we find to vary significantly with the spot 
phase mainly for small orbital radii. This offers the chance to estimate the 
lower limit of the black hole spin if the flare arises close to the black hole. 
We show the results for different values of the flare orbital radius. 
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1 INTRODUCTION 

X-ray spectral measurements of the iron line and the underlying continuum provide 
a powerful tool to study accretion discs in active galactic nuclei (AGN) and Galactic 
black holes, for a review see Fabian et al. (2000); Reynolds and Nowak (2003). If 
a line originates by reflection of the primary continuum, then its observed charac- 
teristics may reveal rapid orbital motion and light bending near the central black 
hole. Spectral characteristics can be employed to constrain the black hole mass 
and angular momentum. A particularly important role is played by the equivalent 
width (EW), which reflects the intensity of the line versus the continuum flux as 
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well as the role of general relativity effects in the source. In order to reduce the 
ambiguity of the results one needs to perform spectral fitting with self-consistent 
models of both the line and continuum. 

Some AGN are known to exhibit iron lines with an EW greater than expected 
for a "classical" accretion disc. Enhanced values for the EW can be obtained by 
assuming an anisotropical distribution of the primary X-rays (Ghisellini et al., 1991), 
significant ionization of the disc matter (Matt et al., 1993) or iron overabundance 
(George and Fabian, 1991). Martocchia and Matt (1996) and Martocchia et al. 
(2000) found, using an axisymmetric lamp-post scheme, an anticorrelation between 
the intensity of the reflection features and the primary flux. When the primary 
source is at a low height on the disc axis, the EW can be increased by up to an 
order of magnitude with respect to calculations neglecting general relativity effects. 
When allowing the source to be located off the axis of rotation, an even stronger 
enhancement is expected (Dabrowski and Lasenby, 2001). Miniutti et al. (2003) 
and Miniutti and Fabian (2004) have realised that this so-called light bending model 
can naturally explain the puzzling behaviour of the iron line of MCG-6-30-15, when 
the line saturates at a certain flux level and then its EW starts decreasing as the 
continuum flux increases further. Niedzwiecki and Zycki (2007) point out that the 
illumination by radiation which returns to the disc (following the previous reflection 
of the primary emission) also contributes significantly to the formation of the line 
profile in some cases. This results into the line profile with a pronounced blue peak 
unless the reflecting material is absent within the innermost 2-3 gravitational radii. 

In our previous paper (Dovciak, 2004), we have proposed that the orbiting spot 
model could explain the origin of transient narrow lines, which have been reported 
in some AGN X-ray spectra (Turner et al., 2002; Guainazzi, 2003; Yaqoob et al., 
2003) and widely discussed since then. The main purpose of the current paper 
is to present accurate computations of time-dependent EWs and other spectral 
characteristics within the framework of the flare-spot model, taking into account a 
consistent scheme for the local spectrum reprocessing. The main difference from 
previous papers is that the current one combines the primary source power-law 
continuum with the reprocessed spectral features. Both components are further 
modified by relativistic effects as the signal propagates towards an observer. 

In a parallel paper, Dovciak et al. (2007), we study general relativistic effects and 
spectral characteristics (EWs, hardness ratio, etc.) for the flare-spot model in two 
model setups — the Schwarzschild black hole with a flare arising at radius 7 r g and 
an extremally rotating black hole with a flare at 3 r g . In the current paper we would 
like to present the results of our computations for more values of the flare orbital 
radius. We also show that for a given flare radius the resultant spectra do not differ 
much for different spins of the black hole. 

In Section 2 we describe the model and the approximation used and in Section 
3 we present the results of our calculations. For a more detailed description of the 
model and for the equations used we refer the reader to the paper Dovciak et al. 
(2007). 
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Figure 1. A sketch of the model geometry (not to scale). A localized flare occurs above 
the disc, possibly due to magnetic reconnection, and creates a spot by illuminating the 
disc surface. The resulting 'hot spot' co-rotates with the disc and contributes to the final 
observed signal by reprocessing the primary X-rays. 



2 MODEL APPROXIMATIONS AND LIMITATIONS 

We examine a system composed by a black hole, an accretion disc and a co-rotating 
flare with the spot underneath (Collin et al., 2003), see Fig. 1. The gravitational 
field is described in terms of the Kerr metric (Misner et al., 1973). Both static 
Schwarzschild and rotating Kerr black holes are considered. The co-rotating Kcplc- 
rian accretion disc is geometrically thin and optically thick, therefore we take into 
account only photons coming from the equatorial plane directly to the observer. 
We further assume that the matter in the accretion disc is cold and neutral. 

A flare is supposed to arise in the disc corona due to a magnetic reconnection 
event (Galeev et al., 1979; Poutanen and Fabian, 1999; Merloni and Fabian, 2001). 
Details of the formation of the flare and its structure are not the subject of the 
present paper, instead we assume that the flare is an isotropic stationary point 
source with a power-law spectrum, located very near above the disc. It co-rotates 
with the accretion disc. We also assume that a single flare dominates the intrinsic 
emission for a certain period of time. 

The spot represents the flare-illuminated part of the disc surface. We consider 
the spot to be a rigid two dimensional circular feature, with its centre directly 
below the flare. Thus the spot does not share the differential rotation with the disc 
material. However, the matter in the disc lit by the flare is in Keplerian motion at 
the corresponding radii, and so it has different velocities at different parts of the 
spot (which is important when calculating the transfer function for the observer in 
the infinity) . Because the flare is very close to the disc, the spot does not extend far 
from below the flare. We approximate the photon trajectories between the flare and 
the spot by straight lines and we do not consider the energy shift and abberation 
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Figure 2. Left: The local equivalent width without taking the primary flux into account 
as a function of the direction of emission. Right: The same as in the left panel but with 
the flux from the primary source included. 
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Figure 3. Left: The ratio of the locally emitted energy flux in the direction fj, e to the 
primary flux. The fluxes are integrated in the energy range 3-10 keV. Right: The local 
hardness ratio of the fluxes in the ranges 6.5-10 keV (fh) and 3-6.5 keV (F s ). 



due to the different motion of the flare and matter illuminated by it. Furthermore 
we neglect the time delay between the photon's emission from the flare and its later 
re-emission from the spot. 

The intrinsic (local) spectra from the spot were computed by Monte Carlo simu- 
lations considering multiple Compton scattering and iron line fluorescence in a cold, 
neutral, constant density slab with solar iron abundance. We used the NOAR code 
for these computations, see Section 5 of Dumont et al. (2000) and Chapter 5 of 
Goosmann (2006). The local flux depends on the local incident and local emission 
angles, hence the flux changes across the spot. Here and elsewhere in the text we 
refer to the quantities measured in the local frame co-moving with the matter in 
the disc as "local" . 

The local flux consists of only two components — the flux from the primary 
source (the flare) and the reflected flux from the spot. The latter one consists of 
the reflection continuum (with the Compton hump and the iron edge as the main 
features) and the neutral Ka and K/3 iron lines. No other emission is taken into 
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account. The spectral properties of the local emission (the local EW, ratio of the 
reflected flux to the primary one and hardness ratio) are shown in Figs. 2 and 3. 

As far as the photon trajectories from the spot to the observer are concerned, 
all general relativistic effects — energy shift, aberration, light bending, lensing and 
relative time delays — are taken into account. We assume that only the gravity 
of the central black hole influences the photons on their path from the disc to the 
observer. This allows us to define a relatively simple scheme in which different 
intervening effects remain under full control and can be well identified. 



3 SPECTRAL CHARACTERISTICS OF THE OBSERVED SIGNAL 

The observed light curves computed for the spot in the vicinity of the extremally 
spinning Kerr black hole (a = 0.998 GM/c 3 ) and the Schwarzschild black hole 
(a = GM/c 3 ) in the 3-10 keV energy range for different orbital radius can be seen 
in Figs. 4 and 5. The light curves arc influenced mainly by the overall amplification 
factor, transfer function and delay amplification [see paper (Dovciak et al., 2007) for 
details], and by the dependence of the local flux on the emission angle. The primary 
emission dominates the observed flux as expected, meanwhile the reflected flux in 
the Fe lines from the spot contributes less. There is an exception in this behaviour, 
though, for some parts of the orbit close to the black hole (see top row of Fig. 4). 
The reflected flux from the spot exceeds the flux of the primary for the orbital 
radius r = 3 GM/c 2 and for the inclinations o = 60° and 85°. The variations of 
the flux decrease with the orbital radius as expected. Note, that the amplification 
of the emission due to the lensing effect is still relevant as far as 100 GM/c 2 for 
large inclination angles (85°). 

Figs. 6 and 7 shows the mean spectra taken over the whole orbit. The line is 
smeared when taken over the whole orbit. As it is well known (Iwasawa et al., 
1996) in the Schwarzschild case, if we assume that the emission comes mainly from 
above the innermost stable orbit, the line stays above 3 keV, while in the Kerr case 
it can be shifted even below this energy (as is the case for all shown inclinations 
for the spot orbit below 4 GM/c 2 ). The iron edge is smeared in all studied cases 
and the dominance of the primary emission is evident. As we expect, the line is 
less shifted with the increasing orbital radius but it is still substantially broadened 
even at the radius 100 GM/c 2 due to the large orbital velocity of the spot. 

In order to quantify the properties of the observed spectra let us look at the 
equivalent width, ratio of the observed reflected and primary components, and the 
hardness ratio (Figs. 8 and 9). 

A closer look at the EW, see the left panels in Figs. 8 and 9, reveals that it does 
not much differ from its local value (Fig. 2), i.e. EW(t) « EW\ oc (fi c (t)) (for the 
dependence u e (t) for some radii see Dovciak et al. (2007)). This is not, however, 
true for the case of the low orbital radius with an observer inclination of 85° when 
the EW is magnified due to the lensing effect. For the spot close to the black hole 
(r = 3 GM/c 2 ) the EW is changing with respect to its mean value by 30% even 
for a low inclination angle 30°. For an almost edge-on disc it can vary by as much 
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Figure 4. The light curves of the observed emission from the flare and the spot for the 
energy range 3-10 keV for the Kerr black hole with the spin 0.998 GM/c 3 , the spot orbital 
radii 3, 4, 5 and 7 GM/c 2 (from top to bottom) and the observer's inclination angles 
30°, 60° and 85° (from left to right). The primary emission, spot's continuum emission 
and spot's emission in Ka and K/3 lines are denoted by solid, dashed and dotted graphs, 
respectively. 
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Figure 5. The same as in Fig. 4 but for the Schwarzschild black hole and the spot orbital 
radii 7, 20, 50 and 100 GM/c 2 (from top to bottom). 
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Figure 6. The observed spectra averaged over one orbit computed for the same set of 
parameters as in Fig. 4. Here, the observed line flux is shown on top of the spot continuum 
emission. 
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Figure 7. The observed spectra averaged over one orbit computed for the same set of 
parameters as in Fig. 5. Here, the observed line flux is shown on top of the spot continuum 
emission. 
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Figure 8. Left: The time variation of the observed EW of the Ka line. The integrated 
EW is shown in horizontal lines. Middle: The ratio of the observed reflected emission to 
the observed primary emission. The fluxes are integrated in the 3-10 keV energy range. 
Right: The hardness ratio of the hard flux F h (6.5-10 keV) to the soft flux F s (3-6.5 keV). 
The flux in the Fe lines is also included. The dashed, dotted and solid lines correspond to 
the inclinations 30°, 60° and 85°. 
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Figure 9. The same as in Fig. 8 but for the Schwarzschild black hole and the spot orbital 
radii 7, 20, 50 and 100 GM/c 2 (from top to bottom). 
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as 200%. Similar to the flux variations at the larger radii the variation of the EW 
decreases. This is true also for all the other studied spectral characteristics. 

The observed ratio of the reflected flux to the primary flux is amplified when 
compared to the local one, see the middle panels in Figs. 8 and 9 and the left panel 
in Fig. 3. The amplification is the highest for the lowest orbital radius and highest 
inclination angle — the ratio in this case is increased by more than one order of 
magnitude. Note that in the Kerr case with the orbital radius 3GM/c 2 and for 
the inclinations 60° and 85° the ratio of the observed reflected flux to the observed 
primary flux is larger than unity, meaning the reflected component prevails over the 
primary one in a certain part of the orbit. 

To evaluate the hardness ratio we compared the fluxes in between 3-6.5 keV (soft 
component, F s ) and 6.5-10 keV (hard component, F^). The hardness ratio is also 



Variation of the primary and reprocessed radiation in the flare-spot model 13 

amplified when we compare it with the local hardness ratio (the right panels in 
Figs. 8, 9 and 3). As in other spectral characteristics, the amplification and the 
variation of the hardness ratio is the largest for the lowest orbital radius in the 
extremally rotating Kerr case and they decrease with the increasing orbital radius. 

To see how the different values of the spin parameter influence the studied prop- 
erties of the observed signal we can compare the results for the same radius, see 
the bottom panels of Figs. 4, 6 and 8 for the extremally rotating Kerr black hole 
and compare them with the top panels of Figs. 5, 6 and 9 for the Schwarzschild 
black hole. For the closer radius, r = 3GM/c 2 , we have computed the results for 
the spin a — 0.93 GM/c 3 (the spin cannot be lower if the spot should be above the 
innermost stable circular orbit), see Fig. 10 and compare it with the top panels in 
Figs. 4, 6 and 8. It is clear from all of these comparisons that if we fix the orbital 
radius our results do not depend on the spin of the black hole. 



4 CONCLUSIONS 

We have studied the light curves, spectra and several spectral characteristics in 
the flare-spot model for different orbital radii of the flare. The primary flux was 
included and the mutual normalizations of the primary and reflected emission were 
treated within the framework of a simple, yet self-consistent scheme. About half 
of the isotropic primary flux hits the disc below the flare and is reprocessed there, 
creating a radiating spot. A part of the reprocessed radiation is re-emitted towards 
the observer. The radiation is influenced by the relativistic effects before reaching 
the observer. 

We can sum up our results in several conclusions: 

(1) The EW, apart for the extreme cases of high inclinations, docs not differ 
significantly from the local EW. However, close to the black hole it varies even 
for low inclination of 30° by up to 30% when compared with its mean value for 
the whole orbit. The EW could be significantly amplified in our model only if 
the primary emission were beamed towards the disc, thus decreasing the observed 
primary emission. 

(2) Both the ratio of the observed reflected to the observed primary flux and the 
hardness ratio are amplified when compared to the values for the intrinsic (local) 
emission. 

(3) The variations of all of the studied spectral characteristics are the highest 
for close orbits and higher inclination angles. 

(4) The spin of the black hole affects significantly our results only as far as it 
determines the location of the marginal stable orbit. 

Here, we would like to remind the reader, that these results apply for a flare arising 
very near above the disc and thus they can heavily differ from the results of the 
light-bending model by Miniutti and Fabian (2004) where the flare orbits far above 
the disc and the resulting spot is much larger. 
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It follows from our results that the studied flux ratios could be used for estimating 
the lower limit of possible values of the spin parameter if the flare arises in the close 
vicinity of the black hole. 
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